Understanding the behavior of hydrogen in hexagonal tungsten carbide (WC) is of particular interest for fusion reactor design due to the presence of WC in the divertor of fusion reactors. Therefore, we use first-principles calculations to study the hydrogen behavior in WC. The most stable interstitial site for the hydrogen atom is the projection of the octahedral interstitial site on tungsten basal plane, followed by the site near the projection of the octahedral interstitial site on carbon basal plane. The binding energy between two interstitial hydrogen atoms is negative, suggesting that hydrogen itself is not capable of trapping other hydrogen atoms to form a hydrogen molecule. The calculated results on the interaction between hydrogen and vacancy indicate that the hydrogen atom is energetically trapped by vacancy and the hydrogen molecule can not be formed in mono-vacancy. In addition, the hydrogen atom bound to carbon is only found in tungsten vacancy. We also study the migrations of hydrogen in WC and find that the interstitial hydrogen atom 0 *Author to whom correspondence should be addressed.
prefers to diffusion along the c axis. Our studies on the hydrogen behavior in WC provide some explanations for the experimental results of the thermal desorption process of energetic hydrogen ion implanted into WC.
Introduction
The present design for ITER foresees the use of three plasma facing materials: Be for the first wall, W for the divertor and baffle region and CFC for the divertor strike point tiles. [1, 2, 3] The choice of the different materials leads inexorably to the formation of mixed-materials surface. [4] The mixed-materials can change not only the thermo-mechanical properties, but also fuel retention properties of the plasma facing wall, which influence the hydrogen recycling on the plasma facing surface and the tritium inventory in the vacuum vessel. In ITER, for safety reasons, periodic tritium removal will be required before the in-vessel tritium inventory reaches its administrative limit [5] , meaning that tritium retention rate strongly affects ITER operation program in the D-T phase. From these considerations, hydrogen uptake and retention in mixed material systems is an important issue for reliable extrapolation of in-vessel tritium retention in ITER. Previous studies have indicated that a WC layer is probably formed on tungsten surface succeeding carbon impurity deposition. [6, 7, 8, 9] Ueda et al. [9] found that all the tungsten atoms near the top surface were combined with carbon atoms to form a tungsten carbide layer, which prevented the implanted H from leaving the tungsten and led to blister formation. Hence, as a fundamental study, understanding the hydrogen behavior in WC is of particular interest for fusion reactor design.
2
In the last decade, to understand the hydrogen behavior in WC, the thermal desorption processes of energetic hydrogen or deuterium ion implanted into WC have been studied by means of the thermal desorption spectroscopy (TDS). [10, 11, 7, 12] Four desorption peaks are observed, which are denoted by Peak 1, Peak 2, Peak 3, and Peak 4, respectively, and described as follows: Peak 1 and Peak 2 observed at the lower temperature region are attributed to the desorption of hydrogen retained in two different interstitial sites, Peak 3 is due to the desorption of hydrogen trapped by carbon vacancy, and Peak 4 is originated from the detrapping of hydrogen bound to carbon. It should be pointed out that the hydrogen concentration bound to carbon is very low and saturated at the initial stage of hydrogen implantation and no hydrogen molecule formation is observed in WC. [13] In addition, Träskelin et al., [14] have used the molecular dynamics simulations to study the hydrogen bombardment of WC surfaces. Even though certain details of the hydrogen trapping in WC have been addressed by experimental and theoretical studies, several questions on the trapping site of hydrogen and the interaction of hydrogen with the carbon or tungsten vacancy in WC are still not clearly understood. Besides, to our best knowledge, the physical mechanism of hydrogen migration in WC has not been investigated until now. In our preceding works [15] , we have theoretically investigated the properties of intrinsic defects in WC and revealed the carbon vacancy to be the dominant defect in WC.
In this paper we employ first-principles calculations to study the hydrogen behavior and the interaction of hydrogen with vacancy defect in WC. The stable interstitial sites for hydrogen atom are identified, and the interaction 3 of double interstitial hydrogen atoms in WC are investigated to understand whether hydrogen atom can be self-trapping or forms a hydrogen molecule directly. The processes of multiple hydrogen absorption into the vacancy are studied to check the possibility for hydrogen occupancy of the vacancy in WC. We also studied the migration of interstitial hydrogen atom in WC and the detrapping of hydrogen from vacancy. Our calculations are expected to reveal the physical mechanism of hydrogen behavior in WC and provide some explanations for the experimental results of the thermal desorption process of energetic hydrogen ion implanted into WC.
Computation method
The present calculations have been performed within density functional theory as implemented in the Vienna ab initio simulation package (VASP) [16, 17] . The interaction between ions and electrons is described by the projector augmented wave potential (PAW) method [18, 19] . Exchange and correlation functions are taken in a form proposed by Perdew and Wang (PW91) [20] 
where E tot is the total energy of WC, E H tot is the total energy of the system with just a hydrogen atom and µ H is the hydrogen chemical potential.
And then, we use the binding energy to investigate the interaction of double interstitial hydrogen atoms in WC, which is defined as
where E
2H
tot is the total energy of the WC with two interstitial hydrogen atoms. Here, negative bonding energy indicates repulsion between hydrogen atoms, while positive binding energy means attraction. Lastly, the interaction between hydrogen and carbon or tungsten vacancy is studied by estimation of 5 the trapping energy. For clarity, below we illustrate the calculated formula only in the case of carbon vacancy, but the calculation formula can be simply applied for tungsten vacancy by replacing carbon by tungsten. Cumulative hydrogen trapping energy of m hydrogen atoms in a carbon vacancy is calculated by using the following expression [26] :
where m is the number of hydrogen atoms and E
is the total energy of WC with m hydrogen atoms and a carbon vacancy. Accordingly, the trapping energy ∆E
when the number of hydrogen atoms is increased from m − 1 to m is defined as:
3. Results and discussion
Single hydrogen atom in WC
There are ten possible interstitial sites for hydrogen in WC, as shown in 
Double interstitial hydrogen atoms in WC
We now investigate the interaction of double interstitial hydrogen atoms in WC, in order to understand whether hydrogen atom can be self-trapping or forms a hydrogen molecule directly. In the WC, there are distinct sites aligned along the c directions and in the carbon and tungsten basal plane.
Hence, according to the above calculated results, we investigate the interaction of interstitial hydrogen atoms in the following cases: (i) the first hydrogen atoms is placed in the BOW site, and the second atom is inserted at other interstitial site in the same tungsten basal plane; (ii) the first hydrogen atom sits in the NBOC site, and the second atom occupies other interstitial site in the same carbon basal plane; (iii) two interstitial hydrogen atoms along the c axis. All relative initial configurations with double interstitial hydrogen atoms are fully relaxed, and eleven final stable configurations are obtained as shown in Fig. 3 . The binding energies of these eleven final configurations are calculated using the Eq. 2. The initial and finial distance between two hydrogen atoms and the corresponding binding energies are summarized in Table 2 . As shown in Table 2 , the distance between two hydrogen atoms increases, and the binding energy are negative in all configurations. They indicate the present of a repulsive interaction when interstitial hydrogen atom is close to each other. It should be noted that the smallest distance between two hydrogen atoms is 0.144 nm, much longer than the bond length of 0.075 nm in hydrogen molecular. In a word, the present results suggest that hydrogen atoms cannot bind together to form a hydrogen molecule in the perfect bulk WC, and thus no hydrogen bubbles.
Hydrogen-vacancy interaction in WC
In order to check the possibility for hydrogen occupancy of the vacancy in WC, which has been predicted experimently and in molecular dynamic simulation [10, 11, 7, 12, 14] , we study in this section multiple hydrogen absorption process into the vacancy. Table 3 . As shown in Fig. 4 (a) and (e), the most stable site for single hydrogen atom is to be at an off-vacancycenter position (0.047 nm from the vacancy center). In the mH − V C (m > 1) complexes, the hydrogen atom prefers to occupy the projection sites of the BCW on the carbon basal plane and forms four W-H bonds with the nearest tungsten atoms with bond length of about 0.21 nm. It should be noted that the hydrogen behavior in carbon vacancy in WC are similar with that in tungsten vacancy in tungsten [27] . This may be one reason that the desorption temperature of Peak 3 are nearly consistent with the temperature of the desorption peak attributed to the desorption of hydrogen trapped by tungsten vacancies in tungsten [7] . As shown in Table 3 , the trapping energies of mH −V C complexes are negative, and the absolute values of the cumulative trapping energy increases with the number of hydrogen atoms until m = 3.
This indicates that the addition of hydrogen atoms is energetically favorable.
For the 4H −V C complex, the trapping energy is positive, and the cumulative energy become less negative than 3H − V C . Thus, we make the conclusion that it is energetically favorable for a mono-carbon-vacancy to trap as many as 3 hydrogen atoms. It should be pointed that the lowest distance between two hydrogen atoms in stable mH − V C complexes is 0.166 nm, much longer than the bond length of hydrogen molecule, implying that hydrogen atoms cannot bind together to form a hydrogen molecule in mono-carbon-vacancy. Table 4 , such as the occupancy sites of m hydrogen atoms, the number and length of the C-H bonds, and the smallest distance between two hydrogen atoms in mH − V W cluster. As shown in Table 4 , the trapping energy varies slowly at first but then very rapidly becomes less negative with the increasing the number of hydrogen atoms up to 9, beyond which the trapping energy becomes positive. In addition, the cumulative trapping energy increases in its absolute value with the number of hydrogen atoms in mH W cluster until m = 9. Thus, we suggest that the maximum number of hydrogen atoms are trapped by mono-tungsten-vacancy is 9. Note that, in all stable mH −V W clusters, the H-H distance are much larger than the bond length of H 2 , indicating that the hydrogen molecule can not be formed in mono-tungsten-vacancy. In addition, there are as many as 6 C-H bonds in a tungsten vacancy. It should be pointed out that the hydrogen atoms bound to carbon are only found in tungsten vacancy whose concentration in WC is very small. This is why the concentration of hydrogen bound to carbon in WC is very low [7] .
Migration of interstitial hydrogen atom in WC
Concerning the kinetics of hydrogen in WC, we first examine the case of interstitial hydrogen migration, which is relevant to the initial stage after hydrogen implantation or low temperature re-emission of hydrogen atoms propagates parallel to the c direction, and the energy barrier of hydrogen jumping from the NBOC to the nearest BOW is 0.05 eV, while the reverse diffusion energy barrier is 0.5 eV. Therefore, the interstitial hydrogen atom prefers to jump form NBOC to BOW along the c axis in WC.
We now turn to the kinetic process for hydrogen detrapping from carbon vacancy in WC. Similarly, we investigate two diffusion routes for hydrogen detrapping from carbon vacancy shown in Fig. 6 : one is that hydrogen atom diffusion in the carbon plane (1 → 2, Path E); the other is parallel to the c axis (1 → 3 → 4, Path F). For path E, the energy barrier for hydrogen atoms jumping away from the carbon vacancy is 2.1 eV, which are greatly lager than the corresponding reverse energy barrier (0.73 eV). Path F involves two steps for hydrogen detrapping from carbon vacancy. The first step is that hydrogen atom jump form site 1 to 3 with a diffusion barrier of 0.64 eV, and the second step is hydrogen diffuse from site 3 to 4 with a energy barrier of 1.06 eV. Not that, in both Path E and Path F, the hydrogen detrapping energy barrier are much larger than hydrogen tapping energy barrier. This means that the hydrogen atom is energetically trapped by the carbon vacancy. It should be pointed out that the energy barrier of interstitial hydrogen diffusion near the carbon vacancy becomes smaller than that in the area without carbon vacancy.
As similar as the case of hydrogen detrapping from carbon vacancy, we study two diffusion routes for hydrogen detrapping from tungsten vacancy shown in Fig. 7 : one is that hydrogen diffusion in the tungsten basal plane 
conclusion
We use first-principles calculations to study the hydrogen behavior in WC.
Two stable interstitial sites for hydrogen atoms, namely BOW and NBOC.
BOW is more stable for interstitial hydrogen atoms than NBOC. The binding energy between two interstitial hydrogen atoms is negative, suggesting a Reference [22] b Reference [23] c Reference [24] d Reference [25] , eV). 
